Transposition of anatomical structures along the anteroposterior axis has been a commonly used mechanism for changing body proportions during the course of evolutionary time. Earlier work (Gaunt, S.J., 1994. Conservation in the Hox code during morphological evolution. Int. J. Dev. Biol. 38, 549-552; Burke, A.C., Nelson, C.E., Morgan, B.A., Tabin, C., 1995. Hox genes and the evolution of vertebrate axial morphology. Development 121, 333-346) showed how transposition in mesodermal derivatives (vertebrae) could be attributed to transposition in the expression of Hox genes along the axial series of somites. We now show how transposition in the segmental arrangement of the spinal nerves can also be correlated with shifts in the expression domains of Hox genes. Specifically, we show how the expression domains of Hoxa-7, a-9 and a-10 in spinal ganglia correspond similarly in both mouse and chick with the positions of the brachial and lumbosacral plexuses, and that this is true even though the brachial plexus of chick is shifted posteriorly, relative to mouse, by seven segmental units. In spite of these marked species differences in the boundaries of Hoxa-7 expression, cis regulatory elements located up to 5 kb upstream of the chick Hoxa-7 gene showed much functional and structural conservation with those described in the mouse (Puschel, A.W., Balling, R., Gruss, P., 1991. Separate elements cause lineage restriction and specify boundaries of Hox-1.1 expression. Development 112, 279-287; Knittel, T., Kessel, M., Kim, M.H., Gruss, P., 1995. A conserved enhancer of the human and murine Hoxa-7 gene specifies the anterior boundary of expression during embryonal development. Development 121, 1077-1088). We also show that chick Hoxa-7 and a-10 expression domains spread forward into regions of somites that are initially negative for the expression of these genes. We discuss this as evidence that Hox expression in paraxial mesoderm spreads forward, as earlier found for neurectoderm and lateral plate mesoderm, in a process that occurs independently of cell movement.
Introduction
'Transposition' describes the process whereby anatomical structures may shift up or down the body axis during the course of evolutionary time (Goodrich, 1913 (Goodrich, , 1958 . Transpositions are monitored by reference to the positional address of body segments, such as somites. For example, the first thoracic vertebra (at the level of the neck/thorax junction) develops from somites 12 and 13 in mouse, but 19 and 20 in chick. Gaunt (1994) and Burke et al. (1995) showed how transposition of the neck/thorax junction could be accounted for by transpositions in the expression boundaries of Hox selector genes during embryonic development.
Transpositions in anatomical structures are not limited to somites and their derivatives. The vertebrate forelimb, for example, forms at the level of the neck/thorax junction, and so the forelimb in chick is shifted posteriorly relative to that of mouse. Other examples of vertebrate limb transpositions are noted by Goodrich (1913) . The vertebrate limb is partly derived from somites (limb musculature) but its skeletal elements are derived from lateral plate mesoderm, and it is innervated by spinal nerves, which enter via the brachial (forelimb) or lumbosacral (hindlimb) plexuses.
Transpositions in the origins of limb primordia must therefore occur in both lateral plate mesoderm and along the series of spinal nerves. Indeed, it was along the series of spinal nerves that transpositions of anatomical development were most clearly described in the classical studies of Goodrich (1913 Goodrich ( , 1958 . These transpositions may be profound. Three examples cited by Goodrich (1913 Goodrich ( , 1958 are that anterior boundaries of the brachial and lumbosacral plexuses occur, respectively, at the levels of segments 2 and 8 in frog, 5 and 21 in man, and 3 and 342 in python.
In a recent study, Belting et al. (1998) showed that Hoxc-8 expression is predominantly located in the brachial region of the neural tube in both mouse and chick embryos. This observation therefore demonstrates an evolutionary transposition of Hox expression within neurectoderm. We now provide the first evidence for transposition in Hox expression boundaries along the series of spinal ganglia. In the embryo, these ganglia are the most easily identified component of the series of spinal nerves. Our findings show that transposition of Hox boundaries can therefore account for transpositions in anatomical structures not only in derivatives of paraxial mesoderm and neural tube, but also in segmental spinal nerves.
The mechanism of evolutionary transposition in Hox boundaries is unclear, although it seems likely due to perturbations in the normal mechanisms for the establishment of Hox boundaries. Hox/lacZ transgene studies (e.g. Püschel et al., 1990 Püschel et al., , 1991 Knittel et al., 1995) have shown how cis regulatory elements are one of the factors involved in the normal control of Hox expression domains. In this paper, we show that the cis regulatory elements located up to 5 kb upstream of the chick Hoxa-7 gene display functional conservation with those described in the mouse (Püschel et al., 1990 (Püschel et al., , 1991 Knittel et al., 1995) .
We also describe the patterns by which Hoxa-4, a-7 and a-10 expression develops in the chick embryo. Previous studies have shown how Hox expression domains develop by forward spreading, in a mechanism that does not require cell movement, within primitive streak (Deschamps and Wijgerde, 1993; Strachan, 1994, 1996) , neural tube Strachan, 1994, 1996) and lateral plate mesoderm (Gaunt, 1999) . Forward spreading might therefore be an integral part of the mechanism by which Hox expression patterns become established Strachan, 1994, 1996; Gaunt, 1999) . Our analyses of Hoxa-7 and Hoxa-10 expression now provide the first evidence that expression domains become established by forward spreading within paraxial mesoderm.
Results

Hoxa-7 expression in spinal ganglia and prevertebrae of chick and mouse
Hoxa-7 was seen to be expressed most strongly over spinal ganglia 6-9 of the mouse (Fig. 1B) and spinal ganglia 13-19 of the chick (Fig. 1F,G) . These findings are presented diagrammatically in Fig. 2 . For each species, it is seen that this domain of greatest abundance in Hoxa-7 expression corresponds, over its anterior regions, with those spinal ganglia that contribute to the brachial plexus for innervation of the forelimb. This finding provides the first demonstration in spinal nerve components (as previously shown in paraxial mesoderm derivatives) (Gaunt, 1994; Burke et al., 1995) for evolutionary transposition of Hox boundaries along the axial series of segments. The results are consistent with the possibility that Hoxa-7 expression may specify developmental patterning within the brachial plexus, and that evolutionary shifts of the plexus along the body may be caused -at least in part -by shifts in Hoxa-7 expression.
In paraxial mesoderm of both mouse and chick, Hoxa-7 expression showed clear anterior and posterior boundaries. The block of labelled prevertebrae (pv) is pv10-19 in mouse (Fig. 1B,C) , and pv 16-21 in chick (Fig. 1G ). As seen from Fig. 2 , these labelled segments correspond with those prevertebrae that lie within the region of the flank. This is true for both mouse and chick, even though the flank of the chick is shorter than mouse and is transposed posteriorly along the body.
Hoxa-10, a-9 and a-6 expression in spinal ganglia
Hoxa-10 and a-6 were, like Hoxa-7, found to be strongly expressed in spinal ganglia of both mouse and chick, while Hoxa-9 was seen to be more weakly expressed in both species (Fig. 3) .
The anterior boundary of Hoxa-10 expression was at the level of spinal ganglion 21 in mouse (Fig. 3B ) and spinal ganglion 22 in chick (Fig. 3F ). As shown in Fig. 2 , these boundaries therefore correspond approximately with the anterior limits of their lumbosacral plexuses.
Anterior boundaries of Hoxa-9 expression were at the level of spinal ganglion 7 in mouse ( Fig. 3C ) and spinal ganglion 18 in chick (Fig. 3G ). In the spinal ganglia of both species, this means that the domains of Hoxa-9 expression extend forward to overlap slightly with the domains of most intense Hoxa-7 expression (summarized in Fig. 2 ). The Hoxa-9 expression domain in chick is, as already noted above for Hoxa-7, therefore transposed posteriorly relative to mouse along the series of spinal ganglia.
For Hoxa-6, the most anterior spinal ganglia that showed significant labelling above background were ganglion 2 in mouse ( Fig. 3D) and ganglion 5 or 6 in chick ( Fig. 3H ; summarized in Fig. 2 ).
Ontogeny of the Hoxa-4, a-7 and a-10 expression domains in paraxial mesoderm
For Hoxa-4, the anterior boundary of expression at the 14-somite stage was found to lie at the level of somite 7 (Fig. 4C) . At the 5-somite stage, the anterior boundary was seen to be located in presomitic mesoderm at the approxi-mate level of presumptive somite 7 (Fig. 4A,B) . These findings suggest that the anterior boundary of Hoxa-4 expression in paraxial mesoderm is first established prior to somitogenesis. However, we found that this is not the case for Hoxa-7 and a-10.
At the 20-somite stage, newly-formed somites 18-20 were seen not to be expressing Hoxa-7, and expression was instead confined to more posterior parts of the embryo (Fig. 4D) . About 6 h later, however, the block of somites 18-22 was Hoxa-7 positive (Fig. 4F) . At this stage, Hoxa-7 expression in more posterior parts of the embryo had become down-regulated. Examination of developmental stages intermediate between 20 somite (Fig. 4D ) and 26 somite (Fig. 4F ) did not reveal a simple pattern of forward spreading in the expression of Hoxa-7. For example, we did not see spreading occurring sequentially through the somites. However, at the 22-somite stage ( Fig. 4E ) it did appear that the extent of posterior to anterior labelling in presomitic mesoderm was greater than at the 20-somite stage (Fig. 4D ). Similar findings were made for Hoxa-10.
Newly-formed somites 26-28 were located well anterior to the posterior domain of Hoxa-10 expression (Fig. 4G ), but about 3 h later the expression domain had extended forward to include somites 26-31 ( Fig. 4H ). At this later stage, Hoxa-10 expression was also apparent in the developing hindlimb buds. Since there is no cell movement between adjacent somites (e.g. Stern et al., 1988) , we conclude that the expression domains in paraxial mesoderm for Hoxa-7 and a-10 must spread forward in a process that does not require cell movement. These findings for Hoxa-7 and a-10 expression in paraxial mesoderm may therefore be similar to the forward spreading in expression, occurring independently of cell movement, that is seen during the development of Hox expression domains in the neurectoderm (Gaunt and Strachan, 1994; Gaunt and Strachan, 1996) and lateral plate mesoderm (Gaunt, 1999) .
The mesodermal segments expressing Hoxa-7 and a-10 remained approximately the same when somites gave rise to prevertebrae by 5 1/2 days of incubation (Figs. 2 and 3). It did appear, however, that the block of six somites expres- sing Hoxa-7 were out of phase by one or two segments from the block of expressing prevertebrae (Fig. 2) .
Chick Hoxa-7 regulatory elements operating in transgenic mouse embryos
The mechanism whereby Hoxa-7 expression is posteriorly shifted in chick, relative to mouse, is unclear. From lacZ studies (Püschel et al., 1990 (Püschel et al., , 1991 , it is known that regulatory elements that control the expression of Hoxa-7 are located upstream of the gene, and also in the intron. We decided to test whether the posterior shift in Hoxa-7 expression in chick relative to mouse might be associated with a functional change within these regulatory elements. For this we took the corresponding region of chick DNA, and used it to make transgenic lacZ mouse embryos.
Fig . 5 shows the construct used, and three independent transgenic mouse embryos obtained at 10.5 days. In all cases, it is seen that the anterior boundary of expression lies at the level of spinal ganglia 5, which is positioned at the anterior boundary of the forelimb. This is at, or very close to, the normal mouse position (Fig. 1B) , rather than at the more posterior spinal ganglion 12 as found in the chick (Fig. 1F) . The anterior boundary in mesoderm lies at the level of pv 12/13 (Fig. 5B) . This is slightly posterior to the boundary seen for endogenous Hoxa-7 in mouse (pv10; Fig.  1B,C) . It is also posterior to the anterior boundary of lacZ expression obtained using the mouse Hoxa7/lacZ construct, which was seen at the normal position for the endogenous Hoxa-7 gene (Püschel et al., 1990 (Püschel et al., , 1991 .
By use of deletion analysis, Knittel et al. (1995) found that the correct anterior boundary of Hoxa-7/lacZ expression in spinal ganglia of mice was entirely dependent upon a 470 bp regulatory element located 1.6 kb upstream of the Hoxa-7 coding region. This was an enhancer element, functioning in either orientation. A conserved region of sequence was also found upstream of the human Hoxa-7 gene (Knittel et al., 1995) (Fig. 5A ). This human element was functional in lacZ transgenic mice, although the boundary generated in spinal ganglia was shifted posteriorly by one or more segments. To search for a homologous enhancer region in chick DNA, we sequenced upstream of the chick Hoxa-7 coding region. As summarized in Fig. 5A , we find a region of conserved nucleotide sequence at a Fig. 2 . Hoxa-6, a-7, a-9 and a-10 expression domains (depicted by brackets) in spinal ganglia of mouse and chick. For Hoxa-7, the thickened lines show the regions of most intense expression. Spinal ganglia, vertebrae and somites are shown as circles, squares and lines respectively. Cervical, thoracic, lumbar and sacral structures are coloured pale blue and yellow alternately along the body. Arrows show anterior boundaries of Hox gene expressions in the prevertebral column (data from Figs. 1, 3 and, for chick Hoxa-6 and a-9, Gaunt and Strachan, 1996; Gaunt, 1999) . Anatomical relationships shown here are based upon Burke et al. (1995) , Cohn et al. (1997) and Gaunt (1994 Gaunt ( , 1999 . The anterior boundary of the lumbosacral plexus in mouse is based upon Fig. 4 of Rijli et al. (1995) , and on their finding that spinal nerves L1 and L2 give rise to the genitofemoral nerve. This arrangement marks the anterior boundary of the lumbosacral plexus in both human and rabbit, (Hyman, 1979; Marieb and Mallat, 1997) . The anterior boundary of the lumbosacral plexus in chick is based upon Lance-Jones and Landmesser (1980) . For both species, only the lumbar component of the lumbosacral plexus is drawn position 1.1 kb upstream of the first exon. This sequence has been submitted to the EMBL database (accession no. Y18147). The conserved region is located primarily at the 3′ end of the 470 bp enhancer element identified by Knittel et al. (1995) .
Discussion
Transposition of Hox expression along the series of spinal ganglia
For both chick and mouse, we show that the domain of greatest abundance in Hoxa-7 expression within spinal ganglia corresponds, over its anterior region, with the level of the brachial plexus. The anterior limits of Hoxa-9 expression in spinal ganglia lie just within (mouse), or beyond (chick), the posterior limits of the brachial plexus, and anterior limits of Hoxa-10 expression in spinal ganglia correspond approximately, in both species, with the anterior limits of the lumbosacral plexus.
The brachial plexus of the chick is, relative to mouse, transposed posteriorly by 7 segmental units (Fig. 2) . Chick Hoxa-7 and Hoxa-9 expression are therefore correspondingly transposed. These observations provide the first demonstration that Hox expression boundaries within spinal ganglia may, like those within paraxial mesoderm (Gaunt, 1994; Burke et al., 1995) , become transposed during the course of evolution. Since Hox genes are developmental selector genes (Garcia-Bellido, 1975 ) it has been assumed (Gaunt, 1994; Burke et al., 1995) that transposition in Hox expression boundaries are the primary cause of transpositions in anatomical structures. It is therefore possible that Hoxa-7 and Hoxa-10 proteins contribute -at least in part -to the development of the brachial and lumbosacral plexuses. In support of this view, Rijli et al. (1995) showed that Hoxa-10 deficient mice show homeotic transformations within the lumbosacral plexus. A recent study (Chen et al., 1998) revealed no developmental defects in Hoxa-7 deficient mice, although the authors did not describe a detailed examination of the brachial plexus. Fig. 3 . Hoxa-10, a-9 and a-6 expression domains in the spinal ganglia of mouse (A-D) and chick (E-H) embryos. For each species, the sections shown are nearby para-sagittal cut from the same embryo. Embryos are at 12 1/2 days gestation for mouse, and 5 1/2 days for chick. sg and pv denote spinal ganglia and prevertebral addresses at the anterior boundaries of the expression domains. Bars, 1.0 mm.
Role of cis regulatory elements in transposition of Hoxa-7 expression
The mechanism of evolutionary transposition in Hox expression is unclear (but see Gaunt, 1999 , for discussion). One possibility that we have considered in this paper, is that it may be associated with functional changes in the cis regulatory elements that form part of the Hox cluster itself. For mouse Hoxa-7, these regulatory elements lie upstream of the coding region, and also within the intron. Thus, when these regions were incorporated into a lacZ construct, a pattern of lacZ expression was obtained in transgenic mice that was very similar to the endogenous pattern of Hoxa-7 expression (Püschel et al., 1991) .
In the present paper, we examine expression in transgenic mouse embryos of a lacZ construct prepared using the corresponding regions of chick Hoxa-7 DNA. We found that this chick DNA construct contained regulatory elements that are functionally and structurally conserved with those in mouse. Thus, both chick and mouse constructs in transgenic mice generated similar anterior boundaries of expression in spinal ganglia: at the level of posterior ganglion 4 for the mouse (Püschel et al., 1991) ; and at the level of ganglion 5 for the chick. Furthermore, sequencing of chick DNA identified a region of nucleotide homology with the mouse and human upstream enhancer element.
Can we conclude, from the similar behaviour of these two constructs in transgenic mice, that evolutionary transposition in expression of the Hoxa-7 gene is not caused by changes in its cis regulatory elements? Unfortunately, the experiments do not permit such a straightforward interpretation. One possibility is that additional cis regulatory elements, outside the limits of the transgene constructs examined, are responsible for transpositions in Hoxa-7 expression. Thus, multiple regulatory elements, controlling spatially distinct boundaries of expression, have been found for Hoxb-3 (Sham et al., 1992; Gould et al., 1997) . A second possibility is that both chick and mouse Hoxa-7/lacZ transgenes are simply responding to endogenous patterns of mouse Hox gene expression as a result of cross-regulatory controls (Zhang et al., 1994; Gould et al., 1997; Maconochie et al., 1997) and auto-regulatory controls (Ramirez-Solis et al., 1993; Pöpperl et al., 1995) . A third possibility is that all regulatory elements within the chick Hoxa-7/lacZ construct may not function properly in the mouse, due to lack of a specific trans-acting factor, or to a deficiency in the ability of such factors to interact effectively with chick DNA (Mor- , et al., 1995) . In spite of these reservations, we do consider it remarkable that over the regions of mouse and chick DNA examined, the Hoxa-7 cis regulatory elements are apparently so closely conserved in their function. The main value in the study so far may therefore lie in focusing attention on the rather restricted region of nucleotide sequence found to be conserved within the region of the mouse and chick Hoxa-7 enhancer elements (Fig. 5A) .
These findings are in apparent contrast to those of Belting et al. (1998) who compared expression in transgenic mouse embryos of chick versus mouse Hoxc-8/lacZ constructs. The authors observed a posterior shift in the expression of the chick construct, suggesting that transposition of Hoxc-8 expression may be achieved through a change in its cis regulatory elements. As cautioned above, however, such a finding could also be due to an impaired ability of mouse transacting factors to interact effectively with chick regulatory elements (as inferred by Morrison et al., 1995 , from studies upon Hoxb-4 regulation in paraxial mesoderm). Our own findings lead us to question whether mutation in the cis regulatory elements around individual Hox genes should be considered as a likely cause of their evolutionary transposition. It is known that transpositions involve coordinated shifts in the expression boundaries of multiple Hox genes.
Such genes lie not only within a cluster (e.g. Hoxa-7 and a-9 in this work) but also within different clusters (Burke et al., 1995) . Transposition of an anatomical structure might therefore require simultaneous changes in the regulatory elements of many different Hox genes, or else a change in the expression pattern of certain key Hox genes whose expression may influence other Hox genes by cross-regulation. The feasibility of such mechanisms is at present uncertain.
Forward spreading of Hox expression within paraxial mesoderm
In previous studies, two methods have been employed to demonstrate that forward spreading in Hox expression seen during embryogenesis is not simply attributable to forward migration of Hox-expressing cells. For neural tube, this has been done by showing that Hox expression moves forward relative to the landmarks of adjacent somites, even though diI-marked neural cells at this level do not (Gaunt and Strachan, 1994) . For neural tube and lateral plate mesoderm, forward spreading in Hox expression has been found to cross impermeable barriers, demonstrating again that it is not dependent upon cell movement (Gaunt and Strachan, 1994; Gaunt, 1999) . (Gaunt, 1999) . P, Pst1. Lower map shows the construct, with yellow and blue parts denoting chick Hoxa-7 and lacZ/SV40 polyA coding regions, respectively. The red box denotes the position of the chick Hoxa-7 enhancer element identified by its homology with the corresponding mouse and human enhancers. Nucleotide numbers within the enhancer refer to the mouse sequence shown by Knittel et al. (1995) . To estimate percentage identities, sequences were aligned using Gap from the GCG package (gap weight: 5.0; length weight: 0.3; average match: 1.0; average mismatch: 0.0). B, expression of the construct, detected by lacZ staining, in three independently-derived 10 1/2 day transgenic mouse embryos. The anterior boundary of lacZ expression lies at the level of spinal ganglion 5. The centre embryo has an ectopic domain of lacZ expression in the anterior part of the forelimbs.
In the present paper, we present evidence that the definitive boundary for Hoxa-4 expression in paraxial mesoderm becomes established before the process of segmentation into somites. A similar conclusion can probably be drawn for Hoxd-4, b3 and b4, since the most anterior somites expressing these genes are already labelled at the time of their initial segmentation from the presomitic mesoderm Strachan, 1994, 1996) . For these genes, therefore, any forward spreading in expression that may occur in paraxial mesoderm must be confined within presomitic mesoderm. Our initial attempts to identify spreading in presomitic mesoderm (not shown) were unsuccessful due to a lack of positional landmarks over this region, and also due to our finding that barriers inserted across this tissue were incompatible with further development. We now show that Hoxa-7 and a-10 differ from Hoxa-4 in that their expression continues to spread forward in paraxial mesoderm even after the process of somite formation. This allows us to use somites as positional landmarks. Since there is no cell movement between somites (Stern et al., 1988) , we may conclude that forward movement of Hoxa-7 and a-10 expression in paraxial mesoderm must occur independently of cell movement. We believe that spreading in expression will similarly occur for genes such as Hoxa-4 but that, for unknown reasons, this process remains confined to presomitic mesoderm.
Our new findings add paraxial mesoderm to those other embryonic tissues (primitive streak, neurectoderm and lateral plate mesoderm) (Deschamps and Wijgerde, 1993; Strachan, 1994, 1996; Gaunt, 1999) , where Hox expression is seen to spread forward independently of cell movement. As one possibility, forward spreading may not be an important feature of the way by which Hox expression domains become established in the embryo. For example, the domain of Hoxa-7 expression seen within somites 18-22 (Fig. 4F ) might arise by a mechanism that is quite independent of that which causes expression in posterior parts of the embryo (Fig. 4D,E) . However, we have not taken this view, and we have discussed instead how forward spreading might be an illuminating feature of the mechanism by which Hox patterns develop Strachan, 1994, 1996; Gaunt, 1999) .
The central part of our proposals is a 'timing and spreading' mechanism, as illustrated in Fig. 6B (and based upon Fig. 7 of Gaunt and Strachan, 1996) . This makes two assumptions. First, that activation of Hox genes within each cell occurs progressively, in direction 3′ to 5′ along the clusters (Duboule, 1994) . Second, that this process occurs in cells located along most of the embryo, in cells of all germ layers, and in such a way that any given cell is advanced in the activation process when compared with any more anterior cell. The activation of genes along their clusters might depend upon progressive opening of Hox cluster chromatin (Dolle et al., 1989) but, for the purpose of our model, this need not necessarily be so. The core of our proposal (Fig. 6B ) was designed to account for two observations. First, that Hox expression domains may be seen to move forward in the embryo without necessarily any accompanying cell movement (Fig. 4D-H) (Deschamps and Wijgerde, 1993; Gaunt and Strachan, 1994; Gaunt, 1999) . And second, that expression of a 3′-located Hox gene spreads forward ahead of the expression from any more 5′-located genes (Gaunt and Strachan, 1996) . Various suggestions have been made to explain how these forwardspreading waves might be set up, and also how they might be stopped once each Hox expression domain reaches its definitive anterior boundary (Gaunt, 1999) . Fig. 6A depicts one particular scenario, where it is proposed that movement of the Hox expression waves is controlled by a morphogen gradient present in the paraxial mesoderm as it emerges from the primitive streak. The sig- (Gaunt, 1999) . A, Paraxial (and possibly lateral plate) mesoderm contains a gradient of Hox inducer ('morphogen') as it emerges from the primitive streak. B, Embryonic cells begin with their Hox genes functionally inactive (represented here by open boxes). In each cell, the genes become activated progressively along their clusters ('timing') in direction 3′ to 5′ to an eventual extent that varies with the endogenous concentration of morphogen (each colour represents a particular Hox gene after its activation). The rate of Hox cluster activation in each cell also varies with the endogenous concentration of morphogen, and this results in each Hox expression domain spreading forward ('spreading') in order to reach its final anterior boundary of expression. C, Signalling molecules from paraxial mesoderm act as Hox inducers in the adjacent neural tube (reviewed by Kelly and Melton, 1995; Sasai and De Robertis, 1997) and, possibly, lateral plate mesoderm. As variations on this theme, the morphogen might not form a smooth concentration gradient as drawn here, or the graded positional information might be set up by several different morphogens. Either of these two possibilities could explain why forward spreading in Hox expression does not seem to be uniform in its progression along the axis (e.g. Fig. 4D-F) . In addition, the extent of cluster opening may not proceed uniformly in time as here, but might progress stepwise between different equilibrium states, perhaps involving folding of the Hox cluster (Kondo et al., 1998). nalling pathways proposed in Fig. 6C can readily explain how Hox expression boundaries might become spatially coordinated along the A-P axes of the neural tube, somitic and lateral plate mesoderms, although it is true that this part of the model is not easily reconciled with reports that Hox patterns can develop rather normally in neurectoderm in the absence of any underlying mesoderm (Doniach et al., 1992) . Overall, the model may be able to accommodate two recent and important findings. First, that various genetic manipulations upon the Hox-d locus (Van der Hoeven et al., 1996; Zakany et al., 1997) , including movement of a Hox gene to a more 5′ location in the cluster, can change the timing of a Hox gene's activation without changing the position of its eventual expression boundary. Second, that posterior to anterior transplantation of chick somites will induce a more posterior pattern of Hox gene expression in the adjacent neural tube (Itasaki et al., 1996; Grapin-Botton et al., 1997) .
Materials and methods
In situ hybridization
In situ hybridizations to embryo sections and wholemounts were carried out under standard conditions using 35 S-and digoxygenin-labelled riboprobes (Gaunt et al., 1988; Conlon and Rossant, 1992) . Probes used were as follows: chick Hoxa-4, described by Gaunt (1994) ; chick Hoxa-6 and a-7, described by Gaunt (1999) ; chick Hoxa-9, probe2 described by Gaunt and Strachan (1996) ; chick Hoxa-10, a ca. 500 base probe extending 3′ of nucleotide 22 in the homeobox; mouse Hoxa-6, described by Gaunt et al. (1988) ; mouse Hoxa-7, a ca. 650 base probe, derived from a cDNA, and extending 5′ of nucleotide 60 in the homeobox; mouse Hoxa -9, a ca. 320 base probe extending 3′ of nucleotide 141 in the homeobox (prepared using a construct made by C. Fromental-Ramain at IGBMC, Strasbourg); and mouse Hoxa-10, a ca. 320 base, homeobox-containing probe (prepared using the construct made and described by Haack and Gruss (1993) .
DNA construct and transgenic embryo production
The 900 bp Pst1-EcoR1 fragment of chick Hoxa-7 DNA (Fig. 5A ) in Bluescript (KS − ) was cut in the polylinker with
EcoRV. BamH1 linkers (10-mer, New England Biolabs) were then ligated on to the blunt ends. The Hoxa-7 DNA was cut out as a Pst1-BamH1 fragment and recloned into Bluescript. Into the BamH1 site of this plasmid was then inserted a BamH1 fragment consisting of the lacZ gene (originally isolated from pMC1871) followed by a 240 bp SV40 polyadenylation signal (Song et al., 1996) . Sequencing confirmed that the reading frame was continuous between the Hoxa-7 homeobox and the lacZ gene. To complete the construct, the 5 kb EcoR1-Pst1 fragment of Hoxa-7 (Fig. 5A ) (after its excision from Bluescript with HindIII and Pst1) was inserted upstream of the Hoxa-7 Pst1-BamH1 fragment. For embryo injection, the fusion gene was separated from the Bluescript vector by cutting with HindIII and Not1. The DNA fragment was electroeluted from agarose gels, purified by phenol-chloroform extraction, and used to prepare transgenic embryos as described by Gordon (1993) . X-gal staining of embryos, to detect lacZ activity, was as described by Püschel et al. (1990) .
